Summary: Teeth from Megalobatrachus japonicus were prepared for scanning electron microscopy (SEM) and electron microprobe analyzer (EMPA) to assay the elements of the enamel layer. The enamel layer of each of tooth is thin and the arrangement of the enamel crystals is regular in the Megalobatrachus japonicus. Based on calcium, phosphate and magnesium levels of distribution, the calcification level of the enamel layer differs between the labial and lingual surfaces. Concentrations of iron and fluoride are located in both portions of the enamel layer as well. The presence of trace elements and distribution of calcified levels are related to the mineral formation in the enamel layer and function of the teeth during feeding.
Enamel crystals composed of hydroxyapatite, with iron, fluoride, and other trace elements are complexed in structure in the surface enamel layer (mammals: Halse and Selvig, 1974; Selvig and Halse, 1975; Weatherell et al. , 1975; Heap et al. , 1983; Nelson et al. , 1989 ; crocodile: Sato et al. , 1990, amphibian; Sato et al., 1991) . A number of different trace elements may be involved in the formation of the apatite crystals. The concentration of trace elements and the levels of calcification differe in each region of the enamel layer, and the difference is associated with the tooth function. Koenigswald (1982) reports that the differentiation of enamel prisms in the molars of Arvicoldae reflects the functional morphology of the teeth and movements of the jaw. Hiiemae and Crompton (1985) suggest that the tooth design relates to nature of foods consumed. Most amphibian teeth are conical or bicuspid. Amphibian tooth has a simple design; however, feeding patterns vary from suction feeding (Ozeti and Wake, 1969) to prey capture using the tongue (Severtsov, 1965; Regal, 1966 , Thexton et al., 1977 Emerson, 1977; Gans and Gorniak, 1982a; Gans and Gorniak, 1982b; Reilly and Lauder, 1991) . Amphibian teeth are used in feeding as well as in the capturing and the holding prey before swallowing.
The purpose of this study is to determined the fine structure, concentration. and distribution of trace elements of the enamel layer along the labial and lingual surfaces of the teeth and to relate these data to feeding patterns in Megalobatrachus japonicus.
Materials and Methods
Four adults (total length ca. 80 cm) Megalobatrachus japonicus were used in this study. Teeth of each regions of the upper and lower jaws (see Fig. 1 ) were removed and fixed with 0.2 M gluteraldehydecacodylate (pH 7.2) and refixed in 1% osmic acid for 1 hr at 4°C, after washing in cacodylate buffer (pH 7.2). The teeth were dehydrated in ethanol and dried using a critical-point drying method. They were coated with a 1.5-nm gold-palladium layer and observed under a Hitachi S-4300 scanning electron microscope (SEM). For line scan and point analysis (Fig. 2) only matured teeth were fixed in 10% neutral formalin (Suga et al., '81; Suga et al., '89) and then dehydrated in ethanol and finally embedded in epoxy resin (Epon-812). The specimens were ground and made into longitudinal planoparallel sections (ca. 100-200 [km thick). A 3-nm layer of carbon was vacuum-evaporated on the surface of these sections. Some sections were etched with 0.1 N HCl for 5-10 sec, and were coated with a 1.5-nm goldpalladium layer and observed under the Hitachi 5-4300 scanning electron microscope (SEM). Other specimens were observed under a Shimazu EMX-SM electron microprobe analyzer (EMPA) with an accelerating voltage of 20 kV and a specimen current of 0.05 mA. Analyses were performed on the enamel layer for the following elements and trace elements: calcium (Ca), phosphate (P), magnesium (Mg), iron (Fe), zinc (Zn), aluminum (Al), chromium (Cr), molybdenum (Mo), lead (Pb), manganese (Mn), copper (Cu), tin (Sn) and fluorine (F). This was accomplished by Line Scan Analysis of the characteristic X-rays (Caka, PKa, Mgka, Feka, Zeka, Alka, Crka, Moka, Pbka, Mnka, Cuka, Snka, Fka).
Results
Morphological results and scanning electron microscopic observation In Megalobatrachus japonicus, teeth are found on the vomer (ca. 20 teeth), premaxilla (ca. 8 teeth), maxilla (ca. 52 teeth) and dentary (ca. 66 teeth) (Fig. 1) . The bicuspid teeth are composed of elongated lingual cusp and flattened labial cusp (Fig. 2, 3a) .
The enamel layer is very thin. It is only about 8 lam thick at the tip of the tooth, and then decreases in thickness toward the base of the tooth. Small masses of crystals are found in the enamel layer (Figs. 3b, c) . Crystals are oriented at right angle to the tooth surface and are regularly arranged in the enamel layer (Figs. 3c, d ). They do not appear as a prism but as a lamella-like structure in the enamel layer (Figs. 3b, c) .
Ca, P, Mg, Fe and F were all detected in the enamel layer of Alegalobatrachus japonicus. The calcium concentration of both the labial and lingual regions of the teeth was highly about 20% than that of the other elements (Fig. 4a) . Phosphorous was lower than Ca, about 9% in concentration in these regions. Magnesium (0.2%), iron (ca. 0.15%) and fluorine (ca. 0.3%) were also observed in both regions of the enamel layer but in low concentration. However, relative concentration of calcium, magnesium, iron and fluorine differed between the lingual and labial regions. In the labial region of the enamel layer, the concentrations of each of these elements were higher at each of the points measured than those in the lingual portion. The difference in relative intensity of Fe in the two regions was clearly in contrast to other elements. The Fe level in the labial region was about 0.2 atom% whereas the Fe level in the lingual region was only about 0.12 atom% .
Discussion
The Ca concentration, in atom % , in the enamel layer of Megalobatrachus japonicus is close to that found in enamel layer of the Onychodactylus japonicus (Sato et al., 1991), but it is lower than that of the Andrias davidianus (Sato et al., 1991) . Even though Megalobatrachus japonicus and Andrias davidianus being from the same family (Cryptobranchidae) and having similar structures at the ultrastructure level, the Ca concentration is different in each species. In general, the hydroxyapatite of enamel is an unstable crystal and easily changes into stable apatite (i.e., iron containing fluoridated hydroxyapatities, fluoroapatite) during the formation of enamel crys- tals. In our observation, iron and fluoride concentrations were found in the whole enamel layer, forming a stable apatite despite the low level of calcium, about 20 atom% . The Ca/P ratio in the enamel layer of Megalobatrachus japonicus teeth was very low, about 2.0, in contrast to the theoretical level of hydroxyapatite, about 1.6. Thus, Ca-deficient apatite occurs in the enamel layer as Posner and Perloff (1957) reported.
Hydroxyapatite is composed of regular arrangements of two unit cells: a screw axis Ca and a columnar Ca. The columnar Ca unit is unstable and easily change into other compound (Posner and Perloff, 1957) . The low level of Ca/P ratio in the enamel layer indicates a deficiency of columnar Ca in hydroxyapatite. From data on rat incisor teeth, values of the Ca/P ratio were not high in the surface enamel layer but were moderately high values, ranging from 1.99 to 2.18, in the subsurface enamel layer (Heap et al. , 1983 , Berkovitz and Heap. , 1976 , Halse, 1972 . These data suggested that the different values between the two layers of enamel is not due to displacing calcium and phosphorus. However, the calcium content is only about 20% and phosphorus content is merely 9% throughout the whole enamel layer of Megalobatrachus japonicus. Gedalia and Kaldelon (1964) reported that the different contents of trace elements, especially fluorine, in four surface regions (bucual, lingual, mesial and distal) of the enamel layer were equivalent in mice but differed among surfaces in human molar teeth (Gedalia et al., 1967) . Poulsen and Larsen (1975) reported that the different content levels of trace elements were not related to the enamel wear, or various anatomical elements related to changing content levels in the enamel layer during aging of mammalian teeth. In our analysis, the contents, Ca, Fe and F elements, differed in the enamel layer of the labial and lingual cusps. The tooth design of the Megalobatrachus japonicus is simple but it has a high pointed lingual cusp with a long slope in contrast to the limited "preicone as mammals' labial cusp. Although the tooth design of the Megalobatrachus japonicus is simple, it is efficient when acting on soft or tough foods.
Therefore we suggest that concentrations of these trace elements such as iron and fluorine are related to the formation and composition of amphibian apatite crystals. The difference in calcification level of the two cusps of the tooth of the Megalobatrachus japonicus may be related to the function of the teeth during feeding.
